This article concludes a series of papers concerned with the flow of electric current through the surface membrane of a giant nerve fibre (Hodgkin, Huxley & Katz, 1952; Hodgkin & Huxley, 1952 a-c). Its general object is to discu the results of the preceding papers (Part I), to put them into mathematical form (Part II) and to show that they will account for conduction and excitation in quantitative terms (Part III).
PART I. DISCUSSION OF EXPERIMENTAL RESULTS The results described in the preceding papers suggest that the electrical behaviour of the membrane may be represented by the network shown in Fig. 1 . Current can be carried through the membrane either by charging the membrane capacity or by movement of ion-s through the resistances in parallel with the capacity. The ionic current is divided into components carried by sodium and potassium ions (INa and IK), and a small 'leakage current' (I,) made up by chloride and other ions. Each component of the ionic current is determined by a driving force which may conveniently be measured as an electrical potential difference and a permeability coefficient which has the dimensions of a conductance. Thus the sodium current (INa) is equal to the sodium conductance (9Na) multiplied by the difference between the membrane potential (E) and the equilibrium potential for the sodium ion (ENa). Similar equations apply to 'K and I, and are collected on p. 505.
Our experiments suggest that gNa and 9E are functions of time and membrane potential, but that ENa, EK, El, CM and g, may be taken as constant. The influence of membrane potential on permeability can be summarized by stating: first, that depolarization causes a transient increase in sodium conductance and a slower but maintained increase in potassium conductance; secondly, that these changes are graded and that they can be reversed by repolarizing the membrane. In order to decide whether these effects are sufficient to account for complicated phenomena such as the action potential and refractory period, it is necessary to obtain expressions relating MEMBRANE CURRENT IN NERVE the sodium and potassium conductances to time and membrane potential.
Before attempting this we shall consider briefly what types of physical system are likely to be consistent with the observed changes in permeability. The nature of the permewablity change8 At present the thickness and composition of the excitable membrane are unknown. Our experiments are therefore unlikely to give any certain information about the nature of the molecular events underlying changes in permeability. The object of this section is to show that certain types of theory are excluded by our experiments and that others are consistent with them.
The first point which emerges is that the changes in permeability appear to depend on membrane potential and not on membrane current. At a fixed depolarization the sodium current follows a time course whose form is independent of the current through the membrane. If the sodium concentration is such that ENaB<E, the sodium current is inward; if it is reduced until ENa > E the current changes in sign but still appears to follow the same time course. Further support for the view that membrane potential is the variable controlling permeability is provided by the observation that restoration of the normal membrane potential causes the sodium or potassium conductance to decline to a low value at any stage of the response.
The dependence of 9Na and g9 on membrane potential suggests that the permeability changes arise from the effect of the electric field on the distribution or orientation of molecules with a charge or dipole moment. By this we do not mean to exclude chemical reactions, for the rate at which these occur might depend on the position of a charged substrate or catalyst. All that is intended is that small changes in membrane potential Would be most unlikely 501 A. L. HODGKIN AND A. F. HUXLEY to cause large alterations in the state of a membrane which was composed entirely of electrically neutral molecules.
The next question to consider is how changes in the distribution of a charged particle might affect the ease with which sodium ions cross the membrane.
Here we can do little more than reject a suggestion which formed the original basis of our experiments (Hodgkin, Huxley & Katz, 1949) . According to this view, sodium ions do not cross the membrane in ionic form but in combination with a lipoid soluble carrier which bears a large negative charge and which can combine with one sodium ion but no more. Since both combined and uncombined carrier molecules bear a negative charge they are attracted to the outside of the membrane in the resting state. Depolarization allows the carrier molecules to move, so that sodium current increases as the membrane potential is reduced. The steady state relation between sodium current and voltage could be calculated for this system and was found to agree reasonably with the observed curve at 0-2 msec after the onset of a sudden depolarization. This was encouraging, but the analogy breaks down if it is pursued further. In the model the first effect of depolarization is a movement of negatively charged molecules from the outside to the inside of the membrane. This gives an initial outward current, and an inward current does not occur until combined carriers lose sodium to the internal solution and return to the outside of the membrane. In our original treatment the initial outward current was reduced to vanishingly small proportions by assuming a low density of carriers and a high rate of movement and combination. Since we now know that the sodium current takes an appreciable time to reach its maximum, it is necessary to suppose that there are more carriers and that they react or move more slowly. This means that any inward current should be preceded by a large outward current. Our experiments show no sign of a component large enough to be consistent with the model. This invalidates the detailed mechanism assumed for the permeability change but it does not exclude the more general possibility that sodium ions cross the membrane in combination with a lipoid soluble carrier.
A different form of hypothesis is to suppose that sodium movement depends on the distribution of charged particles which do not act as carriers in the usual sense, but which allow sodium to pass through the membrane when they occupy particular sites in the membrane. On this view the rate of movement of the activating particles determines the rate at which the sodium conductance approaches its maximum but has little effect on the magnitude of the conductance. It is therefore reasonable to find that temperature has a large effect on the rate of rise of sodium conductance but a relatively small effect on its maximum value. In terms of this hypothesis one might explain the transient nature of the rise in sodium conductance by supposing that the activating particles undergo a chemical change after moving from the position which they occupy when the membrane potential is high. An alternative is to 502 attribute the decline of sodium conductance to the relatively slow movement of another particle which blocks the how of sodium ions when it reaches a certain position in the membrane.
Much of what has been said about the changes in sodium permeability applies equally to the mechanism underlying the change in potassium permeability. In this case one might suppose that there is a completely separate system which differs from the sodium system in the following respects: (1) the activating molecules have an affinity for potassium but not for sodium, (2) they move more-slowly; (3) they are not blocked or inactivated. An alternative hypothesis is that only one system is present but that its selectivity changes soon after the membrane is depolarized. A situation of this kind would arise if inactivation of the particles selective for sodium converted them into particles selective for potassium. However, this hypothesis cannot be applied in a simple form since the potassium conductance rises too slowly for a direct conversion from a state of sodium permeability to one of potassium permeability.
One of the most striking properties of the membrane is the extreme steepness of the relation between ionic conductance and membrane potential. Thus gNa may be increased e-fold by a reduction of only 4 mV, while the corresponding figure for gE is 5-6 mV (Hodgkin & Huxley, 1952 a, figs. 9, 10) . In order to illustrate the possible meaning of this result we shall suppose that a charged molecule which has some special affinity for sodium may rest either on the inside or the outside of the membrane but is present in negligible concentrations elsewhere. We shall also suppose that the sodium conductance is proportional to the number of such molecules on the inside of the membrane but is independent of the number on the outside. From Boltzmann's principle the proportion Pi of the molecules on the inside of the membrane is related to the proportion on the outside, PO, by
where E is the potential difference between the outside and the inside of the membrane, w is the work required to move the molecule from the inside to the outside of the membrane when E = 0, e is the absolute value of the electronic charge, z is the valency of the molecule (i.e. the number of positive electronic charges on it), k is Boltzmann's constant and T is the absolute temperature. If such components exist it is necessary to suppose that their density is relatively low and that a number of sodium ions cross the membrane at a single active patch. Unless this were true one would expect the increase in sodium permeability to be accompanied by an outward current comparable in magnitude to the current carried by sodium ions. For movement of any charged particle in the membrane should contribute to the total current and the effect would be particularly marked with a molecule, or aggregate, bearing a large charge. As was mentioned earlier, there is no evidence from our experiments of any current associated with the change in sodium permeability, apart from the contribution of the sodium ion itself. We cannot set a definite upper limit to this hypothetical current, but it could hardly have been more than a few per cent of the maximum sodium current without producing a conspicuous effect at the sodium potential.
PART II. MATHEMATICAL DESCRIPTION OF MEMBRANE CURRENT DURING A VOLTAGE CLAMP
Total membrane current The first step in our analysis is to divide the total membrane current into a capacity current and an ionic current. Thus (Hodgkin et al. 1952 ).
The only major reservation which must be made about eqn. (1) is that it takes no account of dielectric loss in the membrane. There is no simple way of estimating the error introduced by this approximation, but it is not thought to be large since the time course of the capacitative surge was reasonably close to that calculated for a perfect condenser (Hodgkin et al. 1952 At the outset there is the difficulty that both sodium and potassium conductances increase with a delay when the axon is depolarized but fall with no appreciable infiexion when it is repolarized. This is illustrated by the circles in Fig. 2 , which shows the change in potassium conductance associated with a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end of the record can be fitted by a first-order equation but a third-or fourth-order equation is needed to describe the beginning. A useful simplification is achieved by supposing that g9 is proportional to the fourth power of a variable which obeys a first-order equation. In this case the rise of potassium conductance from zero to a finite value is described by (1 -exp (-t))4, while the fall is given by exp (-4t). The rise in conductance therefore shows a marked inflexion, while the fall is a simple exponential. A similar assumption using a cube instead of a fourth power describes the initial rise of sodium conductance, but a term representing inactivation must be included to cover the behaviour at long times.
The potassium conductance
The formal assumptions used to describe the potassium conductance are:
-n 4 (6) dn ddn =n (1-n)-Bnn, These equations may be given a physical basis if we assume that potassium ions can only cross the membrane when four similar particles occupy a certain region of the membrane. n represents the proportion ofthe particles in a certain position (for example at the inside of the membrane) and 1-n represents the proportion that are somewhere else (for example at the outside of the membrane). an determines the rate of transfer from outside to inside, while fln determines the transfer in the opposite direction. If the particle has a negative charge an should increase and fin should decrease when the membrane is depolarized.
Application of these equations will be discussed in terms of the family of curves in Fig. 3 . Here the circles are experimental observations of the rise of potassium conductance associated with depolarization, while the smooth curves are theoretical solutions of eqns. (6) and (7).
In the resting state, defined by V = 0, n has a resting value given by anO no -n + finO'
If V is changed suddenly can and n instantly take up values appropriate to the new voltage. The solution of (7) which satisfies the boundary condition that n=no when t=O is n=na,,-(nn-no) exp (-t/rn), (11) where gt-is the value which the conductance finaly attains and gEo is the conductance at t=O. The smooth curves in Fig. 3 ig. 3. Rise of potassium conductance associated with different depolarizations. The circles are experimental points obtained on axon 17, temperature 6-70 C, using observations in sea water and choline sea water (see Hodgkin & Huxley, 1952a) . The smooth curves were drawn from eqn. (11) with 9KO==0 24 m.mho/cm2 and other parameters as shown in Table 1 . The time scale applies to all records. The ordinate scale is the same in the upper ten curves (A to J) and is increased fourfold in the lower two curves (K and L). The number on each curve gives the depolarization in mV.
eqn. (11) with a value of Zr chosen to give the best fit. It will be seen that there is reasonable agreement between theoretical and experimental curves, except that the latter show more initial delay. Better agreement might have been obtained with a fifth or sixth power, but the improvement was not considered to be worth the additional complication.
The rate constants an and f,n. At large depolarizations gK. seems to approach an asymptote about 20-50% greater than the conductance at -100 mV. --Col. 1 shows depolarization in mV; col. 2, final potassium conductance; col. 3, n00 =(9K0/ §F); col. 4, time constant used to compute curve; col. 5, n,. =n0v/r; col. 6, fin =(1 -n0)/v,,. The figure of 24-31 was chosen for ,K because it made the asymptotic value of n00 5% greater than the value at -100mV.
For the purpose of calculation we assume that n=1 at the asymptote which is taken as about 20 % greater than the value Of 9gK0 at V =-100 mV. These assumptions are somewhat arbitrary, but should introduce little error since we are not concerned with the behaviour of 9g at depolarizations greater than about 110 mV. In the experiment illustrated by Fig. 3 , gK. = 20 m.mho/cm2 at V = -100 mV. 9E was therefore chosen to be near 24 m.mho/cm2. This value was used to calculate n0 at various voltages by means of eqn. (6). an and fn could then be obtained from the following relations which are derived from eqns. (9) and (10):
The results of analysing the curves in Fig. 3 by this method are shown in Table 1 .
An estimate of the resting values of an and fin could be obtained from the decline in potassium conductance associated with repolarization. The procedure was essentially the same but the results were approximate because the 509 A. L. HODGKIN AND A. F. HUXLEY resting value of the potassium conductance was not known with any accuracy when the membrane potential was high. Fig. 2 illustrates an experiment in which the membrane potential was restored to its resting value after a depolarization of 25 mV. It will be seen that both the rise and fall of the potassium conductance agree reasonably with theoretical curves calculated from eqn. (11) after an appropriate choice of parameters. The rate constants derived from these parameters were (in msec-1): o= 021, f,n-= 070 when V=0 and ocn= 0 90, fin= 043 when V= -25 mV.
In order to find functions connecting Ocn and fiP with membrane potential we collected all our measurements and plotted them against V, as in Fig. 4 . Differences in temperature were allowed for by adopting a temperature coefficient of 3 (Hodgkin et al. 1952 ) and scaling to 60 C. The effect of replacing sodium by choline on the resting potential was taken into account by displacing the origin for values in choline sea water by + 4 mV. The continuous curves, which are clearly a good fit to the experimental data, were calculated from the following expressions:
where an and fin are given in reciprocal msec and V is the displacement of the membrane potential from its resting value in mV. These expressions should also give a satisfactory formula for the steady potassium conductance (gK-) at any membrane potential (V), for this relation is implicit in the measurement of xn and fin. This is illustrated by Fig. 5, in which the abscissa is the membrane potential and the ordinate is (g9/9,K)1.
The smooth curve was calculated from eqn. (9) with an and fn substituted from eqns. (12) and (13). Fig. 4 shows that fin is small compared to an over most of the range; we therefore do not attach much weight to the curve relating fin to V and have used the simplest expression which gave a reasonable fit. The function for on was chosen for two reasons. First, it is one of the simplest which fits the experimental results and, secondly, it bears a close resemblance to the equation derived by Goldman (1943) for the movements of a charged particle in a constant field. Our equations can therefore be given a qualitative physical basis if it is supposed that the variation of oc and fi with membrane potential arises from the effect of the;; electric field on the movement of a negatively charged particle which rests on the outside of the membrane when V is large and positive, and on the inside when it is large and negative. The analogy cannot be pressed since ac and f are not symmetrical about B =0, as they should be if Goldman's theory held in a simple form. constants determining rise (a") or fall (Bn) of potassium conductance at 6°0. The resting potential was assumed to be 4 mV higher in choline sea water than in ordinary sea wate:
Temperature differences were allowed for by assuming a Qlo of 3. All values for V < 0 were obtained by the method illustrated by Fig. 3 and Table 1 ; those for V> 0 were obtained from the decline of potassium conductance associated with an increase of membrane potential or from repolarization to the resting potential in choline sea water (e.g. Fig. 2 ). Axons 17-21 at 6-11' C, the remainder at about 200 C. The smooth curves were drawn from eqns. (12) and (13). A. L. HODGKIN AND A. F. HUXLEY be obtained by postulating some asymmetry in the structure of the membrane, but this assumption was regarded as too speculative for profitable consideration.
The sodium conductance There are at least two general methods of describing the transient changes in sodium conductance. First, we might assume that the sodium conductance is determined by a variable which obeys a second-order differential equation. Secondly, we might suppose that it is determined by two variables, each of which obeys a first-order equation. These two alternatives correspond roughly to the two general types of mechanism mentioned in connexion with the nature of inactivation (pp. 502-503). The second alternative was chosen since it was simpler to apply to the experimental results.
The formal assumptions made are:
where 9Na is a constant and the oc's and P's are functions of V but not of t.
These equations may be given a physical basis if sodium conductance i's assumed to be proportional to the number ofsites on the inside ofthe membrane which are occupied simultaneously by three activating molecules but are not blocked by an inactivating molecule. m then represents the proportion of activating molecules on the inside and 1-rn the proportion on the outside; h is the proportion of inactivating molecules on the outside and 1-h the proportion on the inside. a,m or # and Pm or Oh represent the transfer rate constants in the two directions.
Application of these equations will be discussed first in terms of the family of curves in Fig. 6 . Here the circles are experimental estimates of the rise and fall of sodium conductance during a voltage clamp, while the smooth curves were calculated from eqns. (14)-(16).
The solutions of eqns. (15) and (16) Table 2 . Curves I to L were obtained from eqns. (17) and (18) assuming that h. and Th had values calculated from experiments described in a previous paper (Hodgkin & Huxley, 1952 c Table 2 ; the value at V = 0 was obtained from the decline in sodium conductance associated with repolarization to the resting potential. The temperature varied between 3 and 110 0 and was allowed for by assuming a Qlo of 3. The smooth curves were drawn from eqns. (20) and (21).
Values of om and Pm were collected from different experiments, reduced to a temperature of 60 C by adopting a Qlo of 3 and plotted in the manner shown in Fig. 7 . The point for V=0 was obtained from what we regard as the most reliable estimate of the rate constant determining the decline of sodium conductance when the membrane is repolarized (Hodgkin & Huxley, 1952b , table 1, axon 41). The smooth curves in Fig. 7 were drawn according to the equations:
where xm and Pm are expressed in msec-I and V is in mV. Values obtained by these equations are plotted against membrane potential in Fig. 9 . The points for V < -30 mV were derived from the analysis described in this paper (e.g. Table 2 ), while those for V > -30 mV were obtained from the results given in a previous paper (Hodgkin & Huxley, 1952 c) . A temperature coefficient of 3 was assumed and differences in resting potential were allowed for by taking the origin at a potential corresponding to h. = 0-6. with ah and Ph given by eqns. (23) and (24). If V > -30 mV this expression approximates to the simple expression used in a previous paper (Hodgkin & Huxley, 1952 
where Vh is about -2 and is the potential at which h., = 0-5. This equation is the same as that giving the effect of a potential difference on the proportion of negatively charged particles on the outside of a membrane to the total number of such particles on both sides of the membrane (see p. 503). It is therefore consistent with the suggestion that inactivation might be due to the A. L. HODGKIN AND A. F. HUXLEY movement of a negatively charged particle which blocks the flow of sodium ions when it reaches the inside of the membrane. This is encouraging, but it must be mentioned that a physical theory of this kind does not lead to satisfactory functions for och and h without further ad hoc assumptions. The experimental points are those given in Table 1 
dm/dt= m(1-m)-P.m, (15) clh/clt = oc,(
/n3=0.125 exp (V/80), (13) om=O-l (V+25)/(exp VZ2 -1), (20) f3m=4 exp (V/18),
Xh= 007 exp (V120), (23) h=1/(exp V+30 +1). (24) Equation (26) is derived simply from eqns. (1)- (6) and (14) in Part II. The four terms on the right-hand side give respectively the capacity current, the current carried by K ions, the current carried by Na ions and the leak current, for 1 cm2 of membrane. These four components are in parallel and add up to give the total current density through the membrane I. The conductances to K and Na are given by the constants gK and 9NaX together with the dimensionless quantities n, m and h, whose variation with time after a change of membrane potential is determined by the three subsidiary equations (7), (15) and (16). The a's and ,B's in these equations depend only on the instantaneous value of the membrane potential, and are given by the remaining six equations.
Potentials are given in mV, current density in IzA/cm2, conductances in m.mho/cm2, capacity in juF/cm2, and time in msec. The expressions for the cc's and P's are appropriate to a temperature of 6.30 C; for other temperatures they must be scaled with a Qlo of 3.
The constants in eqn. (26) are taken as independent of temperature. The values chosen are given in Table 3 , column 2, and may be compared with the experimental values in columns 3 and 4.
Membrane currents during a voltage clamp Before applying eqn. (26) to the action potential it is well to check that it predicts correctly the total current during a voltage clamp. At constant voltage dV/dt=0 and the coefficients a and ,B are constant. The solution is then obtained directly in terms of the expressions already given for n, m and h (eqns. (8), (17) and (18)). The total ionic current was computed from these for a number of different voltages and is compared with a series of experimental curves in Fig. 11 . The only important difference is that the theoretical current has too little delay at the sodium potential; this reflects the inability of our equations to account fully for the delay in the rise of g9 (p. 509).
'Membrane' and propagated action potentials By a 'membrane' action potential is meant one in which the membrane potential is uniform, at each instant, over the whole of the length of fibre 2 3 4 5 6 7 msec 0 1 2 3 4 5 6 7 msec Fig. 11 (26), (7), (15), and (16) (p. 518). After slight rearrangement (which will be omitted in this description) these were integrated by the method of Hartree (1932-3) . Denoting the beginning and end of a step by to and t1 ( = to +St) the procedure for each step was as follows:
(1) Estimate V1 from VO and its backward differences.
(2) Estimate n, from no and its backward differences. The step value had to be very small initially (since there are no differences at t =0) and it also had to be changed repeatedly during a run, because the differences became uinmanageable if it was too large. It varied between about 0-01 msec at the beginning of a run or 0-02 msec during the rising phase of the action potential, and 1 msec during the small oscillations which follow the spike.
Accuracy. The last digit retained in V corresponded to microvolts. Sufficient digits were kept in the other variables for the resulting errors in the change of V at each step to be only occasionally as large as 1 IV. It is difficult to estimate the degree to which the errors at successive steps accumulate, but we are confident that the overall errors are not large enough to be detected in the illustrations of this paper.
Temrperature differences. In calculating the action potential it was convenient to use tables giving the cc's and ,'s at intervals of 1 mV. The tabulated values were appropriate to a fibre at 6.30 C. To obtain the action potential at some other temperature T'°C the direct method would be to multiply all a's and P's by a factor q =o3(T'-63)/10, this being correct for a QLO of 3. Inspection of eqn. 26 shows that the same result is achieved by calculating the action potential at 6. (7), (15) and (16), and the a's and ,'s, are the same as for the membrane equation.
Integration procedure.
Steps (1)- (7) were the same as for the membrane action potential. After that the procedure was as follows: (8) Estimate (dV/dt), from (dV/dt)o and its backward differences.
(9) Calculate (d3V/dt2)1 from eqn. (31), using the values found in (7) and the estimated values of V1 and (dV/dt)1.
(10) Calculate a corrected (dV/dt), by procedures analogous to steps (4) and (5).
(11) Calculate a corrected V1 by a procedure analogous to step (4), using the corrected (dV/dt)1.
(12) If necessary, repeat (9)- (11) After several runs had been calculated, so that K was known within fairly narrow limits, time was saved by starting new runs not from near V = 0 but from a set of values interpolated between corresponding points on a run which had gone towards + oo and another which had gone towards -o.
Choice of K. The value of K chosen for the first run makes no difference to the final result, but the nearer it is to the correct value the fewer runs will need to be evaluated. The starting value was found by inserting in eqn. (32) shown.
The lower half of Fig. 12 Certain measurements of these and other calculated action potentials are collected in Table 4 .
Form of action potential at 18-50 C. Fig. 14 shows a comparison between a calculated membrane action potential at 18.50 C and an experimental one at 20.50 C. The same differences can be seen as at the low temperature, but, except for the initial diop, they are less marked. In both the calculated and the experimental case, the rise of temperature has greatly reduced the duration of the spike, the difference being more marked in the falling than in the rising phase (Table 4) , as was shown in propagated action potentials by .
The durations of both falling phase and positive phase are reduced at the higher temperature by factors which are not far short of that (3 84) by which the rate constants of the permeability changes are raised (Qlo = 3.0). This is the justification for the differences in time scale between the upper and lower parts in Figs 
where 0= conduction velocity, a = radius of axis cylinder, 14= specific resistance of axoplasm, and C = capacity per unit area of membrane.
The propagated action potential was calculated for the temperature at which the record C of Fig. 15 was obtained, and with the value of Cm (F-01F/cm2) that was measured on the fibre from which that record was made. Since 6, a and 14 were also measured on that fibre, a direct comparison between calculated and observed velocities is possible. The values of a and R2 were 238 p and 35-4 Q. cm respectively. Hence the calculated conduction velocity 'is (10470 x 0-0238/2 x 35-4 xJ10-6)1 cm/sec = 18-8 in/sec.
The velocity found experimentally in this fibre was 21-2 m/sec.
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Impedance changes
Time course of conductance change. Cole & Curtis (1939) showed that the impedance of the membrane fell during a spike, and that the fall was due to a great increase in the conductance which is in parallel with the membrane capacity. An effect of this kind is to be expected on our formulation, since the entry of Na+ which causes the rising phase, and the loss of K+ which causes the falling phase, are consequent on increases in the conductance of the membrane to currents carried by these ions. These component conductances are evaluated during the calculation, and the total conductance is obtained by adding them and the constant 'leak conductance', 9. Fig . 16A shows the membrane potential and conductance in a calculated membrane action potential. For comparison, Fig. 16B shows superposed records of potential and impedance bridge output (jroportional to conductance change), taken from Cole & Curtis's paper. The time scale is the same inBas inA, and the curves have been drawn with the same peak height. It will be seen that the main features of Cole & Curtis's record are reproduced in the calculated curve. Thus (1) the main rise in conductance begins later than the rise of potential; (2) the conductance does not fall to its resting value until late in the positive phase; and (3) the peak of the conductance change occurs at nearly the same time as the peak of potential. The exact time relation between the peaks depends on the conditions, as can be seen from Table 4 .
We chose a membrane action potential for the comparison in Fig. 16 because the spike duration shows that the experimental records were obtained at about 60 C, and our propagated action potential was calculated for 18.50 C. The conductance during the latter is plotted together with the potential in Fig. 17 Absolute value ofpeak conductance. The agreement between the height of the conductance peak in Fig. 16A and the half-amplitude of the bridge output in Fig. 16B is due simply to the choice of scale. Nevertheless, our calculated action potentials agree well with Cole & Curtis's results in this respect.
These authors found that the average membrane resistance at the peak of the impedance change was 25 Q.cm2, corresponding to a conductance of 40 m.mho/cm2. The peak conductances in our calculated action potentials ranged from 31 to 53 m.mho/cm2 according to the conditions, as shown in Table 4 . Components of conductance change. The manner in which the conductances to Na+ and K+ contribute to the change in total conductance is shown in Fig. 17 for the calculated propagated action potential. The rapid rise is due almost entirely to sodium conductance, but after the peak the potassium conductance takes a progressively larger share until, by the beginning of the positive phase, the sodium conductance has become negligible. The tail of raised conductance that falls away gradually during the positive phase is due solely to potassium conductance, the small constant leak conductance being of course present throughout.
Ionic movements Time course ofionic currents. The time course ofthe components ofmembrane current carried by sodium and potassium ions during the calculated propagated spike is shown in Fig. 18 C. The total ionic current contains also a small contribution from 'leak current' which is not plotted separately.
Two courses are open to current which is carried into the axis cylinder by ions crossing the membrane: it may leave the axis cylinder again by altering 530 A. L. HODGKIN AND A. F. HUXLEY impulse. This has been done for the four complete action potentials that we calculated, and the results are given in Table 5 . It will be seen that the results at 18.50 C are in good agreement with the values found exp6imentally by Keynes (1951) and Keynes & Lewis (1951) , which were obtained at comparable temperatures.
Ionicfluxes. The flux in either direction of an ion can be obtained from the net current and the equilibrium potential for that ion, if the independence principle (Hodgkin & Huxley, 1952 a) is assumed to hold. Thus the outward flux of sodium ions is INa/(exp (VV-Na) F/RT-1), and the inward flux of potassium ions is -IK/(exp (VK-V) FIRT -1). These two quantities were evaluated at each step of the calculated action potentials, and integrated over the whole impulse. The integrated flux in the opposite direction is given in each case by adding the total net movement. The results are given in Table 5 , where they can be compared with the results obtained with radioactive tracers by Keynes (1951) on Sepia axons. It will be seen that our theory predicts too little exchange of Na and too much exchange of K during an impulse. This discrepancy will be discussed later.
Refractory period Time course of inactivation and delayed rectification. According to our theory, there are two changes resulting from the depolarization during a spike which make the membrane unable to respond to another stimulus until a certain time has elapsed. These are 'inactivation', which reduces the level to which the sodium conductance can be raised by a depolarization, and the delayed rise in potassium conductance, which tends to hold the membrane potential near to the equilibrium value for potassium ions. These two effects are shown in Fig Responses to stimuli during positive phase. We calculated the responses of the membrane when it was suddenly depolarized by 90 mV at various times during the positive phase of the membrane action potential at 6°C. These are shown by the upper curves in Fig. 20 membrane potential falls again with hardly a sign of activity, and the membrane can be said to be in the 'absolute refractory period'. The later stimuli produce action potentials of increasing amplitude, but still smaller than the control; these are in the 'relative refractory period'. Corresponding experimental curves are shown in the lower part of Fig. 20 . The agreement is good, as regards both the duration of the absolute refractory period and the changes in shape of the spike as recovery progresses.
*Excitation Our calculations of excitation processes were all made for the case where the membrane potential is uniform over the whole area considered, and not for the case of local stimulation of a whole nerve. There were two reasons for this: first, that such data from the squid giant fibre as we had for comparison were obtained by uniform stimulation of the membrane with the long electrode;
and, secondly, that calculations for the whole nerve case would have been extremely laborious since the main equation is then a partial differential equation.
Threshold. The curves in Figs. 12 and 21 show that the theoretical 'membrane' has a definite threshold when stimulated by a sudden displacement of membrane potential. Since the initial fall after the stimulus is much less marked in these than in the experimental curves, it is relevant to compare the lowest point reached in a just threshold curve, rather than the magnitude of the original displacement. In the calculated series this is about 6 mV and in the experimental about 8 mV. This agreement is satisfactory, especially as the value for the calculated series must depend critically on such things as the leak conductance, whose value was not very well determined experimentally.
The agreement might have been somewhat less good if the comparison had been made at a higher temperature. The calculated value would have been much the same, but the experimental value in the series at 230 C shown in Fig. 8 of Hodgkin et al. (1952) is about 15 mV. However, this fibre had been stored for 5 hr before use and was therefore not in exactly the same state as those on which our measurements were based.
Subthreshold responses. When the displacement of membrane potential was less than the threshold for setting up a spike, characteristic subthreshold responses were seen. One such response is shown in Fig. 12 , while several are plotted on a larger scale in Fig. 21 B. Fig. 21 A shows for comparison the corresponding calculated responses of our model. The only appreciable differences, in the size of the initial fall and in the threshold level, have been mentioned already in other connexions.
During the positive phase which follows each calculated subthreshold response, the potassium conductance is raised and there is a higher degree of 'inactivation' than in the resting state. The threshold must therefore be raised in the same way as it is during the relative refractory period following a spike. This agrees with the experimental findings of Pumphrey, Schmitt & Young (1940) .
Anode break excitation. Our axons with the long electrode in place often gave anode break responses at the end of a period during which current was made to flow inward through the membrane. The corresponding response of out theoretical model was calculated for the case in which a current sufficient Fig. 23 .)
The basis of the anode break excitation is that anodal polarization decreases the potassium conductance and removes inactivation. These effects persist for an appreciable time so that the membrane potential reaches its resting value with a reduced outward potassium current and an increased inward sodium current. The total ionic current is therefore inward at V =0 and the membrane undergoes a depolarization which rapidly becomes regenerative. Accommodation. No measurements of accommodation were made nor did we make any corresponding calculations for our model. It is clear, however, that the model will show 'accommodation' in appropriate cases. This may be shown in two ways. First, during the passage of a constant cathodal current through the membrane, the potassium conductance and the degree of inactivation will rise, both factors raising the threshold. Secondly, the steady state A. L. HODGKIN AND A. F. HUXLEY ionic current at all strengths of depolarization is outward (Fig. 11) , so that an applied cathodal current which rises sufficiently slowly will never evoke a regenerative response from the membrane, and excitation will not occur.
Oscillations
In all the calculated action potentials and subthreshold responses the membrane potential finally returns to its resting value with a heavily damped oscillation. This is well seen after subthreshold stimuli in Figs. 21A and 24 , but the action potentials are not plotted on a slow enough time base or with a large enough vertical scale to show the oscillations which follow the positive phase.
The corresponding oscillatory behaviour of the real nerve could be seen after a spike or a subthreshold short shock, but was best studied by passing a small constant current through the membrane and recording the changes of membrane potential that resulted. The current was supplied by the long internal electrode so that the whole area of membrane was subjected to a uniform current density. It was found that when the current was very weak the potential changes resulting from inward current (anodal) were almost exactly similar to those resulting from an equal outward current, but-with opposite sign. This is shown in Fig. 23B and C, where the potential changes are about + 1 mV. This symmetry with weak currents is to be expected from our equations, since they can be reduced to a linear form when the displacements of all the variables from their resting values are small. Thus, neglecting products, squares and higher powers of 81V, Sm, Sn and Ah, the deviations of V, m, n and h from their resting values (0, moi, no NERVE  Fig. 23A shows the response of the membrane to a constant current pulse calculated in this way. The constants in the equations are chosen to be appropriate to a temperature of 18.50 C so as to make the result comparable with the tracings of experimental records shown in B and C. It will be seen that the calculated curve agrees well with the records in B, while those in C, obtained from another axon, are much less heavily damped and show a higher r,,11I, i *, *,*I,,,I, . . If current is applied to a whole nerve through a point electrode, neighbouring points on the membrane will have different membrane potentials and the resulting currents in the axis cylinder will increase the damping.
The linear solution for the behaviour of the theoretical membrane at small displacements provided a convenient check on our step-by-step numerical procedure. The response of the membrane at 6.30 C to a small short shock was calculated by this means and compared with the step-by-step solution for an initial depolarization of the membrane by 2 mV. The results are plotted in Fig. 24 . The agreement is very close, the step-by-step solution deviating in the direction that would be expected to result from its finite amplitude (cf. Fig. 21) . As pointed out by Cole (1941) , the process underlying oscillations in membrane potential must be closely connected with the inductive reactance observed with alternating currents. In our theoretical model the inductance is due partly to the inactivation process and partly to the change in potassium conductance, the latter being somewhat more important. For small displacements of the resting potential the variations in potassium current in 1 cm2 of membrane are identical with those in a circuit containing a resistance of 820 Q in series with an inductance which is shunted by a resistance of 1900 Q. The value of the inductance is 0-39 H at 250 C, which is of the. same order as the 0-2H found by Cole & Baker (1941) . The calculated inductance increases 3-fold for a 100 C fall in temperature and decreases rapidly as the membrane potential is increased; it disappears at the potassium potential and is replaced by a capacity for E > E-.
DISCUSSION
The results presented here show that the equations derived in Part II of this paper predict with fair accuracy many of the electrical properties of the squid giant axon: the form, duration and amplitude of spike, both 'membrane' and propagated; the conduction velocity; the impedance changes during the spike; the refractory period; ionic exchanges; subthreshold responses; and oscillations. In addition, they account at least qualitatively for many of the phenomena of excitation, including anode break excitation and accommodation. This is a satisfactory degree of agreement, since the equations and constants were derived entirely from 'voltage clamp' records, without any adjustment to make them fit the phenomena to which they were subsequently applied. Indeed any such adjustment would be extremely difficult, because in most cases it is impossible to tell in advance what effect a given change in one of the equations will have on the final solution.
The agreement must not be taken as evidence that our equations are anything more than an empirical description of the time-course of the changes in permeability to sodium and potassium. An equally satisfactory description of the voltage clamp data could no doubt have been achieved with equations of very different form, which would probably have been equally successful in predicting the electrical behaviour of the membrane. It was pointed out in Part II of this paper that certain features of our equations were capable of a physical interpretation, but the success of the equations is no evidence in favour of the mechanism of permeability change that we tentatively had in mind when formulating them.
The point that we do consider to be established is that fairly simple permeability changes in response to alterations in membrane potential, of the kind deduced from the voltage clamp results, are a sufficient explanation of the wide range of phenomena that have been fitted by solutions of the equations.
Range of applicability of the equations The range of phenomena to which our equations are relevant is limited in two respects: in the first place, they cover only the short-term responses of the membrane, and in the second, they apply in their present form only to the isolated squid giant axon.
Slow changes. A nerve fibre whose membrane was described by our equations would run down gradually, since even in the resting state potassium leaves and sodium enters the axis cylinder, and both processes are accelerated by activity. This is no defect in describing the isolated squid giant axon, which does in fact run down in this way, but some additional process must take place in a nerve in the living animal to maintain the ionic gradients which are the immediate source of the energy used in impulse conduction.
After-potentials. Our equations give no account of after-potentials, apart from the positive phase and subsequent oscillations.
Conditions qf isolated giant axon. There are many reasons for supposing that the resting potential of the squid giant axon is considerably lower after isolation than when it is intact in the living animal. Further evidence for this view
